The effect of Ca2" on NO3-assimilation in young barley (Hordeum vulgare L. var CM 72) seedlings in the presence and absence of NaCI was studied. Calcium increased the activity of the NO3-transporter under saline conditions, but had little effect under nonsaline conditions; Calcium decreased the induction period for the NO3-transporter under both saline and nonsaline conditions but had little effect on its apparent K. for NO3-both in the presence and absence of NaCl. The enhancement of NO3-transport by Ca2" under saline conditions was dependent on the presence of Ca2" in the uptake solution along with the salt, since Ca2" had no effect when supplied before or after salinity stress. Although Mn2" and Mg2+ enhanced NO3-uptake under saline conditions, neither was as effective as Ca2 . In longer studies, increasing the Ca2+ concentration in saline nutrient solutions resulted in increases in NO3-assimilation and seedling growth.
The importance of Ca2+ for selective ion uptake by plants is well documented (8, 23) . Calcium plays an even more significant role under saline conditions. La Haye and Epstein (19, 20) demonstrated that increasing Ca2" levels in nutrient solutions protected bean plants from salt injury, presumably by restricting Na+ influx and translocation. Elzam and Epstein (7) found a highly positive correlation between growth and Ca2" levels in Agropyron species exposed to salinity. More recently, Kent and Lauchli (18) found that increased levels of Ca2+ offset the reduction in cotton root growth caused by NaCl. They suggested that K/Na selectivity may be improved under saline conditions by increased Ca2+ concentrations.
Recently, we showed that salinity severely inhibits NO3-uptake but has little effect on NO3-reduction (2) . Nitrate uptake could thus be a limiting factor for growth in a saline environment. While Ca2" increases the uptake of Br-, Cl-, S042-, and N03-under nonsaline conditions (7, 14, 21, 24, 28) , little is known about the effect of Ca2+ on the NQ3 transporter under saline conditions. We show the effect of Ca2+ on the induction and activity of the NO3-transporter and the relationship to seedling growth under saline conditions.
MATERIALS AND METHODS
Plant Material. Barley (Hordeum vulgare L. var CM 72) seedlings were grown hydroponically as described before (3 Nitrate Uptake Studies. Both short-and longer term uptake studies were conducted under the same conditions that the seedlings were previously grown. In short-term studies, 8 seedlings weighing about 2 g/treatment were placed in 140 ml of one-quarter strength Hoagland solution containing 1 mm KNO3, 1 mm Mes (to maintain pH 6.2-6.5) (16), and 0 or 150 mm NaCl, and specified concentrations of CaSO4. Similarly, various concentrations of Mg2", and Mn2" were substituted for Ca2+ in the uptake solution. Uptake of NO3-was determined by following its disappearance from the uptake solution with time as described previously (2, 3) . Rates ofNO3-uptake were calculated from a linear regression of cumulative uptake curves after linearity was attained and were compared using a t test (1) .
To determine the effect of Ca2" on the induction of the NO3- In longer term studies, groups of 8 seedlings were transferred to 140 ml of one-quarter strength Hoagland solution containing 2 mm KNO3 with and without 150 mm NaCl. The salt-free solutions contained 0.5 mM CaSO4. Saline solutions contained 0.5 or 3.0 mm CaSO4. Solutions were changed daily and analyzed for NO3-. Two sets of plants from each treatment were assayed for NO3-. Growth, NO3-uptake and reduction were monitored over a period of 5 d.
Nitrate Analysis. The tissue was ground with a chilled mortar and pestle in 5 volumes of deionized H20 and centrifuged at 30,000g for 15 min. The supernatant was used for NO3-analysis. Nitrate was determined spectrophotometrically at 210 nm following separation by HPLC on a Whatman Partisil-10-SAX anion exchange column as described by Thayer and Huffaker (27) .
In Vivo Nitrate Reduction. In vivo reduction ofabsorbed NO3-was determined by subtracting the amount of NO3-in the tissue from the amount of NO3-absorbed (3, 5) .
Growth Measurements. Growth was monitored by measuring elongation of the second leaf ( 15) . All results are reported on the basis of g fresh weight.
RESULTS
Effect of Ca2". NaCI decreased NO3-uptake (Table I) as previously reported (2) . While Ca2' had little effect on N03-uptake in the absence of NaCl, the rate of NO3-uptake increased with increasing Ca2+ up to between 1.0 and 3.0 mm when NaCl was present (Tables I and II) . Nitrate uptake rates under saline conditions were increased from 31 to 55% ofthe salt-free control by increasing Ca2+ (Table I) . Calcium decreased the length of the lag period before NO3-uptake rates became constant in uninduced plants under saline and nonsaline conditions ( Fig. 1) . Calcium also increased NO3-transport under saline conditions in induced plants (Fig. 2) . Increasing the solution Ca2`level increased the apparent Vma, for NO3-transport under saline Table II . Effect ofCa2+ on the Rates ofNO3-Uptake in Barley Seedlings Prestressed and not Prestressed with NaCt Seedlings were grown hydroponically as described in Table I . After 2 d of light, one set of seedlings was transferred to solutions containing 150 mM NaCl and one-quarter strength Hoagland solution lacking N for 24 h (prestressed/nonstressed). Seedlings were then transferred to onequarter strength modified Hoagland solution containing 1 mM KNO3; 1 mM Mes; 0 (prestressed/nonstressed) or 150 mm NaCI (nonprestressed/ stressed); and 0 to 5.0 mm CaSO4. Nitrate uptake rates were determined as described in "Materials and Methods." Correlation coefficients ranged from 0.980 to 0.998 and were significant at the 0.001 (***) and 0.01 (**) probability. Rates within each column followed by different letters were significantly different at the 0.05 probability level. barley seedlings under saline and nonsaline conditions. Seedlings were grown hydroponically as described in Table I . After 3 d of continuous light in N-free one-quarter strength Hoagland solution, groups of 8 seedlings were transferred to 40 ml of one-quarter strength modified Hoagland solution containing 1 mM KNO3; 0, 0.5, or 3.0 mM CaSO4 with and without 150 mm NaCI. Depletion of NO3-was monitored by sampling solutions every 12 min as described in "Materials and Methods." Only every third data point was plotted.
conditions (Fig. 3, right) , but had little effect on the apparent Vm under nonsaline conditions (Fig. 3, left) . Calcium had little effect on the apparent Km for NO3-transport under saline or nonsaline conditions (Fig. 3) .
Calcium did not affect NO3-transport in seedlings prestressed with NaCl and then placed under nonstressed conditions even though Ca2" was present in the prestress solution at a concentration of 0.63 mm (Table II) . Nitrate uptake rates in prestressed seedlings were 30 to 60% lower than when salts were directly present in the uptake solution (nonprestressed/stressed) (Table   II) , as was previously reported (2) . Pretreatment with Ca2" did not protect NO3-uptake from salt injury (Table III) . Increasing the Ca2' concentration in saline solutions (0.15 M NaCl) resulted in increased NO3-uptake and reduction over the course of 5 d (Fig. 4) . Similarly, leaf growth was enhanced by increasing Ca2+ levels in the saline solutions (Fig. 5) .
Specificity of Ca2l. Calcium increased NO3-uptake more effectively under saline conditions than Mg2' and Mn2+ (Table  IV) . The protective effect of Ca2+ was not synergistic with that of Mg2" (results not shown). Table I except that the seedlings were preinduced with I mm KNO3 in one-quarter strength Hoagland solution for 24 h prior to the determination of uptake. Other experimental details are the same as Table I . The rates of NO3-uptake (umol/g -h) in the presence of 150 mM NaCI were 0.93*** a, 1.40*** b, 1.84*** c, and 2.21*** cd for 0, 0.5, 1.0, and 3.0 mm CaSO4, respectively. The NO3-uptake rate for the salt-free control (0.5 mm Ca2") was 2.40*** d. The correlation coefficients ranged from 0.990 to 0.999 and were significant at 0.001 (***) probability. Rates with different letters were significantly different at the 0.05 probability level. 3 . Effect ofCa2 on the apparent Km and V,,,. for NO3-transport under saline and nonsaline conditions. Seedlings were grown as described in Table I . After 2 d in continuous light, groups of 8 seedlings were preinduced with I mm KNO3 in one-quarter strength Hoagland solution for 12 h and then transferred to one-quarter strength Hoagland solution containing 0.75 mm KNO3; and 0 to 3.0 mM CaSO4 with and without 150 mm NaCI. After 12 h, the seedlings were transferred to 40 ml of fresh saline solutions and NO3-depletion was monitored by sampling solutions every 12 min as described in "Materials and Methods." Rates of NO3-uptake were determined for each sampling interval. Apparent kinetic parameters were determined by subjecting the uptake data to Lineweaver-Burk analysis. Only every other data point was plotted.
DISCUSSION
The present results demonstrate the importance of Ca2+ on the processes of NO3-assimilation, especially under saline conditions. In the presence ofsalts, increasing the Ca2" concentration in the uptake solution enhanced NO3-uptake (Tables I, II, IV; Figs. 1-4A), (Fig. 4B), and growth (Fig. 5) .
Nitrate uptake by plant roots is facilitated by a transporter Plant Physiol. Vol. 80, 1986 Figure 4 . Values are the means of 16 replicates, and the symbols are larger than the SE. Table I . After 3 d in continuous light, groups of 8 seedlings were transferred to 140 ml of uptake solutions consisting of 1 mm KNO3; 1 mM Mes; 150 mm NaCI; and 0, 0.5, 1.0, or 3.0 mm CaSO4, MgSO4, or MnSO4. Nitrate uptake rates were determined as described in "Materials and Methods." Correlation coefficients ranged from 0.976 to 0.998 and were significant at the 0.001 (***) and 0.01 (**) probability. Rates among the treatments followed by different letters were significantly different at the 0.05 probability level. (17) provided evidence for the inducible characteristics of the NO3-transporter by demonstrating a lag period before NO3-uptake rates became constant. The inducible nature of the NO3-transporter has since been reported by a host of other laboratories, including our own (2, 5, 24 ). An earlier study reported that Ca> increased the uptake of NO3-by uninduced barley seedlings under nonsaline conditions (24) . The present study shows that in the presence of salt Ca>2 not only decreased the length of the lag period ( Fig. 1) , but also increased the activity of the transporter (Tables I, II, IV; Figs. 1-4A). However, in the absence of salt, Ca>2 decreased the lag period ( Fig. 1) , but had no effect on the activity of the NO3-transporter (Table I ; Fig. 1 ). In studies where full induction of the transporter was not achieved (24) , the increased uptake of NO3-observed under nonsaline conditions could be due to an accelerated induction of the transporter in the presence of Ca". This study, therefore, emphasizes the importance of determining the effect of Ca>2 on both the induction and the activity of the N03-transporter. It should be noted, however, that Ca>2 increases the uptake of Cl- (14) and Br- (28) , both of which do not require an induction period. The protection of NO3-transport by Ca> was dependent on the presence of Ca>2 in the uptake solution with the salt since Ca>2 had no effect when supplied either before (Table III) (Fig. 4B) over the course of a 5-d experiment. The increase in NO3-reduction is a result of the increase in NO3-uptake. Chantarotwong et al. (5) showed that the rate of in vivo reduction of NO3-in barley seedlings is regulated by the rate of NO3-uptake. These results are also consistent with those of Aslam et al. (2) , who found that salinity severely inhibited NO3-uptake but had little effect on NO3-reduction.
Barley leaf growth (Fig. 5) was also increased by raising the level of Ca>2 in saline nutrient solutions. Since N is required in such large amounts by plants, increases in NO3-uptake (Fig. 4A) and reduction ( Fig. 4B) with Ca2" may be determining factors in the growth of barley under saline conditions (Fig. 5) . La Haye and Epstein (19, 20) by K+ (4, 9) .
The inhibitory effect of salt on NO3 uptake did not appear to be competitive since Cl-and SO42-did not affect NO3 uptake at concentrations less than 100 mM, a concentration 100-fold greater than the NO3-concentration (2). A possible explanation for the inhibitory effect of Cl-or S042-at concentrations above 100 mm may be the increased accumulation of Cl-or SO42-in the root. Smith (25) reported that NO3-uptake in barley is dependent on the internal rather than the external Cl-concentration. Since Ca>2 increases NO3-uptake only when salts are present in the uptake solutions (Tables I, II (Table III) or after (Table II) salinity stress, perhaps Ca 2 may decrease Cl-as well as Na+ (19) (20) (21) uptake. Another possible explanation, as discussed above, is that Ca>2 may reduce membrane disruption in saline solutions and thereby allow increased NO3-uptake.
Although Mn>2 and Mg> increase NO3-uptake under saline conditions, neither is as effective as Ca> (Table IV) . Harrington et al. ( 12) found similar results in studies of lysine transport into tobacco cells. Smith (26) found that 5.0 mM Mg2> substituted for 0.5 mM Ca2> in stimulating serine transport into tobacco cells. Hanson ( 11) proposed that although some cations may substitute for Ca2> in short-term transport experiments, in longer studies there is no substitute for Ca>2 as other cations often prove toxic.
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